We present an approach to measure the angular dependence of the diffusely scattered intensity of a multiple scattering sample in backscattering geometry. Increasing scattering strength give rise to an increased width of the coherent backscattering and sets higher demands on the angular detection range. This is of particular interest in the search for the transition to Anderson localization of light. To cover a range of −60°to +85°from direct back-reflection, we introduced a new parallel intensity recording technique. This allows one-shot measurements, with fast alignment and short measuring time, which prevents the influence of illumination variations. Configurational average is achieved by rotating the sample and singly scattered light is suppressed with the use of circularly polarized light up to 97%. This implies that backscattering enhancements of almost two can be achieved. In combination with a standard setup for measuring small angles up to ±3°, a full characterization of the coherent backscattering cone can be achieved. With this setup we are able to accurately determine transport mean free paths as low as 235 nm.
I. INTRODUCTION
In the characterization of ͑sub-͒micron sized particles, light scattering is very commonly used. The use of multiangle setups in this realm, 1 where the scattered light is detected at several forward angles simultaneously, has in the past lead to great improvements in accuracy and useability. In the investigation of turbid media, the light scattered back to the source is more important. This is because in that case multiple scattering leads to an enhancement of the intensity in the back direction as discussed below. The width of this enhancement of coherent backscattering around the direct backscattering direction is a very useful tool, 2 because the key quantity, the transport mean free path l ‫ء‬ , is inversely proportional to this width and can hence be directly measured. From the transport mean free path, microscopic properties about the scatterers can then be inferred. 2 If the medium becomes increasingly turbid, the angular width of the backscattering enhancement becomes wider. Thus in the characterization of very turbid media, such as candidates 3, 4 for the observation of Anderson localization of photons, 5, 6 a large angular region has to be covered by a backscattering measurement for reliable estimates of l ‫ء‬ . This is mainly due to the fact that a proper determination of the incoherent diffuse background is vital for a reliable estimate of the full width at half maximum ͑FWHM͒ and hence l ‫ء‬ . Here we present the development and test of a set-up which is capable of determining the intensity of backscattered light to angles of up to 85°. Due to the use of a simultaneous measurement for all angles, difficulties stemming from illumination variations, lengthy alignment, etc. can be circumvented. Furthermore, due to the calibration method, the angular dependence of the incoherent background is directly taken into account and only the coherent signal is measured.
In the following, we will give a brief introduction to coherent backscattering measurements and discuss previous setups with which to determine l ‫ء‬ of turbid samples in Sec. I. Section II will then describe our new setup in detail, while Sec. III presents some results of the characterization of very turbid samples.
A. Coherent backscattering
When a semi-infinite, disordered sample is illuminated with a light source, all of the light will be reflected from the sample after performing a random walk inside it. 2 Looking at the paths that lead to direct back-reflection, each of these light paths has a counterpart that visits the same scatterers, but in reverse order. Thus the path and its counterpart have the same length and, therefore, a phase difference of zero. 7 This leads to constructive interference of photons on these paths and hence to a twofold enhancement of the intensity in direct back-reflection with respect to the incoherent background. If the detection angle is tilted away from the backreflection direction, a phase difference is introduced, which depends on the distance of the points of entry and exit of the light in analogy to a two slit experiment. Averaging over all possible end-to-end distances, one obtains a distribution of intensity with the backscattering angle, which decreases with increasing angle from a value of twice the incoherent background at zero angle to the incoherent background at higher angles. 7 The width of this decrease is given by the inverse of the product of the mean free path l ‫ء‬ with the wave number k of the incident radiation. From this theoretical description of the shape of the CBC, it can be obtained that its FWHM is inversely proportional to kl ‫ء‬ with a proportionality constant very close to one. 7 In all of the above, averaging over the disorder in the sample is important, as in each realization of the disorder there are random phase differences leading to a strongly varying intensity pattern called a speckle pattern. The speckle pattern is averaged out by rotating the sample for solid powders or by particle diffusion for samples in solution.
As described above, the shape of the CBC is determined solely by the ratio of the wavelength and the transport mean free path, 7 however, the value of the enhancement factor also depends on the polarization used. 2, 8 This is due to the fact that depending on the polarization, singly scattered light can give a contribution to the incoherent background, thus leading to an overestimation of its height. When using circular polarization however, singly scattered light can be completely suppressed, such that the enhancement factor can be measured at its maximum value of two. Thus, setups to accurately measure the CBC have to efficiently reduce stray light as well as contributions from singly scattered light using circular polarization. This is usually done by a combination of a linear polarizer ͑LP͒ and a quarter wave plate ͑QWP͒ in both the incident and detected light. Thus, the light hitting the sample is circularly polarized with a given helicity. Singly scattered light can be treated as reflected light and hence will have the opposite helicity to the incident light. The combination QWP and LP in front of the detector will thus be crossed with respect to singly scattered light and only the unpolarized, incoherent background of the diffusive light will be detected. However, due to the nature of the QWP, such a setup is only possible at very limited wavelengths and with light incident perpendicular to the QWP as discussed below.
B. Former setup designs
To measure the CBC one must record the angular dependence of the back-scattered light of a light source that illuminates the sample. If an incoherent light source were used, polarization effects as well as wavelength averaging would lead to a misrepresentation of the background and thus the CBC, such that experimental investigations in the past have always relied on the use of a coherent light source. However, a CBC can also be observed with incoherent white light. 2 These existing setups have used a mirror 9 or a beam-splitter 10, 11 to come very close to the direct backreflection. The two methods are illustrated in Fig. 1 . Incident light is reflected onto the sample either by a mirror or a beam-splitter and the intensity is observed at angles near backscattering. This is done either by using a charge coupled device ͑CCD͒ camera covering the two-dimensional intensity distribution or by focusing the light onto a fiber and a photomultiplier tube ͑PMT͒ which is scanned over angles. In contrast to the beam-splitter, the mirror casts a shadow close to the direction of back-reflection depending on its size. Therefore, close to back reflection, a mirror setup cannot be used and a beam splitter has the strong advantage that the whole range of angles close to zero can be investigated. However, similar to the mirror setup, there is the drawback that usually only very limited angular regions can be covered. This is because the backscattered light has to be imaged either onto the CCD camera or the PMT. Thus the corresponding optics has to cover the angular range of interest without distortions. This is usually limited by the size of available lenses to a range of ±2°−3°. This problem can be avoided by using a movable fiber, which scans the angular dependence of the backscattered light. 11, 12 In this case, care has to be taken that the recorded light always passes the polarization filter ͑and QWP, see below͒ at right angles, such that singly scattered light can be efficiently and homogeneously reduced. Otherwise the polarization properties will change, leading to a misestimation of the incoherent background and hence a distortion of the CBC. In order to still be able to measure close to direct back reflection, Wiersma et al. 11 have used a setup, where a beam splitter and a fiber are rotated off-center, while the sample rotation is compensated. With this method it is possible to extend the angular detection range, which then has the detection limits of −6°to 20°, while still having high angular resolution close to the center of the CBC. Alternatively, Tweer 12 used a movable fiber with a QWP directly in front and illumination without a beamsplitter. This setup has an angular range of 35°only in the positive direction and cannot resolve a zero angle. Both of these methods with movable fibers are slow in data acquisition, as each position has to be scanned in turn. Furthermore, alignment of the different parts is hampered by the fact that the CBC has to be scanned before a new alignment can be made.
FIG. 1. Principle of a setup to measure the backscattering cone using a mirror ͑left͒ or a beam splitter ͑right͒. The sample is illuminated with a spatially broadened laser. In contrast to the setup using a mirror, the beam splitter setup allows the measurement of the intensity in direct back-reflection, however, needs a beam dump. The positive lens collects the light, which is then recorded with, e.g., a CCD-camera.
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When studying very strong scattering, which is required to come close to the predicted Anderson localization 6 for multiple scattering of light, the CBC are expected to be increasingly broad. A quick estimate of the width of such candidate cones can be done using the Ioffe-Regel criterion. 13 In that case the transition to Anderson localization would take place at kl ‫ء‬ Ӎ 1. Thus the FWHM as calculated above would turn out to be Ӎ60°, far beyond the capabilities of existing setups. This is, however, an overestimation of the FWHM as reflections at the sample surface due to the change in refractive index between the scattering medium and vacuum will lead to a narrowing of the CBC.
14 Given the fact that in order to reach the necessary small l ‫ء‬ one needs very strong scattering samples with a high refractive index ͑exceeding 2.5͒ at packing fractions of ϳ40%. Therefore, the sample will have an effective refractive index of Ӎ1.5, 15 which gives rise to significant reflections at the sample surface. This in turn leads to a reduction in the FWHM to about 20°close to the Anderson transition. As the incoherent background has to be measured accurately for a proper determination of the CBC, even such a narrower estimate still means that existing setups cannot be used to resolved CBCs close to the transition to Anderson localization. Furthermore, extending the angular detection range of a setup using a movable fiber also has the drawback that measurement time and alignment difficulty increase steadily, such that the setup is vulnerable to changes of the experimental condition such as laser drifts.
Due to the difficulties of the existing methods of measuring the CBC, we have devised a new technique to record the backscattered light with a high angular detection range and sufficient angular resolution in a one-shot measurement.
II. EXPERIMENTAL SETUP
Our newly constructed wide angle coherent backscattering setup, which is shown schematically in Fig. 2, uses 256 photodiodes to determine the intensity at a fixed angle simultaneously. To investigate the backscattering cone it is necessary to average over speckles, since the intensity fluctuations of the speckle pattern are much larger than the enhancement of the backscattering cone. Therefore, the sample is rotated around the axis normal to the surface of the sample. For a sufficient measurement duration and small speckle spots, the speckle pattern averages out, and the typical backscattering cone with an incoherent background remains.
To resolve the angular regime close to back-reflection, a high angular resolution was desired. Therefore, we use photodiode arrays, 16 which consist of 16 low-noise photodiodes which are separated by about 1.5 mm. Due to the fact that the minimum distance between two photodiodes is predetermined, the angular resolution is given by the diameter of the detection arc. Here a compromise between angular resolution and signal strength had to be found. We used a diameter of 1.2 m, which yields an angular resolution of 0.15°close to the direction of back-reflection. For higher angles the expected gradient of the backscattering cone is smaller, and one approaches the region where the intensity is dominated by incoherent scattering. Therefore, a lower angular resolution is sufficient. Here we used single photodiodes. 17 The achieved angular resolution is 0.15°from ±0.15°to ±9.75°, 0.7°from ±9.75°to ±19.55°, 1°from ±19.55°to ±60°, and finally 3°for angles between 60°and 85°. The arc and the sample are situated inside a stray light shielding to ensure that only light from the sample reaches the photodiodes. This is crucial since all stray light collected by the photodiodes would give contributions to the incoherent background and, therefore, reduce the coherent backscattering enhancement.
Both types of photodetectors have a quantum efficiency of 0.35 at 600 nm and a dark current of the order of 1 pA. This is essential to provide a good signal-to-noise ratio. The setup was designed so that the photocurrent of the diodes has a signal to noise ratio of the order of 1000 for an incident laser power of 0.5 W. This corresponds to an intensity at the photodiodes of Ӎ0.5 W. The low-noise photocurrent is amplified and processed using custom designed circuits, to end up with low-noise data. The circuits operate as follows: First for each photodiode, the corresponding switched integrator 18 amplifies the signal, which then is digitized by the AD converter.
19 An 8-bit microcontroller 20 collects and stores the obtained data in two words of the microcontroller, such that effectively a 16-bit resolution is obtained. The microcontroller also runs the measuring algorithm. The timing of this algorithm gives the length of the whole measurement, which is typically of the order of one second. Due to the fact that all photodiodes start the light detection simultaneously, laser drifts, background illumination, vibrations, and other origins of time dependent illumination changes do not affect the measurement.
A. Polarization in multiple scattering
As mentioned before, the CBC is an interference effect. In the absence of a magnetic field, the polarization on two time-inverted paths will map, such that interference is possible. 21 This is not necessarily the case for other paths constituting the incoherent background, which leads to a fac- The whole setup is put in a black box to shield stray light. The combination of two circular polarizing foils ͑CP͒, is used to suppress singly scattered light.
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Wide-angle backscattering setup Rev. Sci. Instrum. 78, 033105 ͑2007͒ tor of two in the enhancement. For a maximum contrast of the CBC over the incoherent background, it is crucial to suppress the singly scattered light. This is because these photons have no time-inverted counterpart and hence lead to an overestimation of the incoherent background. By using the polarization conserving channel of circularly polarized light, single scattering is effectively cancelled out as a single reflection leads to a change in helicity of the photon. 8 Therefore all of the measured intensity has paths contributing to the CBC and hence an enhancement of two can be measured. 11 However, as mentioned above, the usual setup with a LP in front of a QWP has its drawbacks due to the fact that a QWP is only effective in a very small wavelength window, and light has to be incident perpendicular on to QWP in order to produce proper circularly polarized light. This leads to great difficulties in setting up a one-shot measurement over large angular ranges and in the past only movable experiments with their specific drawbacks ͑such as long counting time and difficult alignment͒ have been carried out.
We circumvent this problem by using a circularly polarizing foil ͑CP͒ from 3M, 22 which consists of two layers and, therefore, combines the effects of a LP and a QWP. This foil is bendable and its optical properties are very robust under wavelength changes. The first foil is placed behind the last mirror to obtain circularly polarized light. In front of the photodiodes we placed another CP, which follows the arc where the photodiodes are mounted, such that light is always incident perpendicular. With this arrangement we can suppress singly scattered light by 97%, which was verified with the help of a mirror in the sample position. The further advantage of the CP is that the single scattering suppression factor is wavelength independent from 580 to 620 nm. Thus our setup can be used to measure accurate CBCs in the wavelength region supplied by our dye laser.
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B. Calibration
In order to obtain proper intensity measurements from our setup, each of the 256 photodiodes has to be calibrated. For this we have used a rotating block of teflon with a diameter of 4 cm and a thickness of 5 cm. Teflon has a transport mean free path of Ӎ300 m and hence the CBC of teflon at a wavelength of 590 nm has a FWHM of about 0.02°. 24 This implies that with our setup teflon can be considered to give a purely incoherent signal since the CBC is much narrower than our angular resolution. We have measured the response of all photodiodes at 15 different incident laser powers, which are determined independently with a calibrated photodiode. The characteristic response of ten of the photodiodes is shown in Fig. 3 , where it can be seen that they are quite linear over the whole range of intensities studied. The counts here refer to the response of the AD converter. In order to interpolate between the calibration measurements, a polynomial of second-order was fitted to each response curve, which is then used in subsequent measurements. This method of calibration also means that the angular dependence of the incoherent background as cos͑͒, known as the Lambert-Beer distribution 25 is already taken into account in the calibration. This is because the angular dependence of the background is measured by the photodiodes, but all channels are calibrated to the incident intensity.
For each measurement, we furthermore take a reference measurement with the same teflon block used in the calibration. This allows us to subtract the incoherent background more precisely. Therefore, our data will only show the enhancement itself, such that the ideal value for the enhancement will be one. For full precision of the CBC determination, however, the different albedos of the sample and the reference have to be taken into account as well. In both cases, absorbtion is negligible, so the difference in albedo will arise from a small residual transmission through the sample ͑or reference͒ due to its finite extent. As noted above, the dimensions of the teflon reference sample are about 130ϫ 130ϫ 170 in units of l ‫ء‬ . This implies that about 3% of the incoming intensity are lost leading to an albedo of 97%. As we will see below, our sample typically have dimensions of 10 5 ϫ 10 5 ϫ 10 4 in units of l ‫ء‬ , such that they have an albedo of 99.99%. The difference of 3% in the reference would lead to an overestimation of the incoherent background in the sample by these 3% which is, therefore, subtracted manually.
III. RESULTS
To test our setup, we have used samples of ground TiO 2 . 4 Due to its high refractive index ͑of 2.7 at 590 nm͒ and low absorption, such particles are ideal candidates for obtaining small values of kl ‫ء‬ . In Fig. 4 , we show data for a sample consisting of particles of an average diameter of 540 nm with a polydispersity of 25%. To show the dependence on the incoming polarization, the figure shows measurements with both linear ͑xx͒ and circular ͑++͒ polarization in the polarization conserving channel. As can be seen, the enhancement factor is very different for the two, resulting in 0.95 for circular polarization and 0.75 for linearly polarized light. This is obtained from a fit to the theoretical calculation in the diffusion approximation 7 allowing for different enhancement factors, which yields a value of l ‫ء‬ = 590͑20͒ nm . In the two fits, the value of kl ‫ء‬ is constrained to be the same, showing that the shape of the CBC does indeed solely depend on this quantity.
The fact that the two measurements seem to have a different width is due to the fact that kl ‫ء‬ is given by the FWHM, which in turn is dependent on the value of the enhancement factor. However, the very good agreement of both measurements with the theory for the same kl ‫ء‬ shows the quality of the measurements. The lower enhancement factor in the case of linearly polarized light can be estimated from the backscattering probability of Mie-spheres corresponding to our samples. 26 Using far-field Mie scattering software 27 to calculate this, we obtain a reduction factor of 20 to 30% in good agreement with the results of Fig. 4 .
In order to determine the behavior at small angles, we employ a method using a beam-splitter and a CCD camera as discussed above. 10, 12 Our setup uses a lens with a focal distance of 0.1 m which is also the distance between the lens and the CCD chip. The CCD chip has a resolution of 512 ϫ 512 pixels, which in this setup results in an angular resolution of 0.012°over a range of ±3°. The drawback of a beam splitter method with highly scattering samples with very wide CBCs is that the background level and hence the enhancement cannot be determined due to the lack of angular range. Our setup, however, uses the same sample holders and polarization foil as well as stray light shielding in order to ensure the same physical situation as the wide angle setup. This implies that the overlap between the beam splitter setup and the wide angle setup can be used to adjust the intensity scale of the CCD chip to the calibrated wide angle data. An indication of this can be seen in the inset to Fig. 5 , where the small angle part and the overlap of the different setups is shown. This combination gives enough resolution to observe the very tip of the cone and at the same time obtain a good estimate of the CBC enhancement.
We have also measured other samples with average diameters of, e.g., 250 nm, which have yielded values of l ‫ء‬ = 235͑25͒ nm, much lower than the wavelength and hence good candidates for the observation of Anderson localization. 4 An example of this is shown in Fig. 5 , where it can be seen that even for such strongly scattering systems we observe large enhancements of roughly 0.95 and CBCs which can be well-described by the theory of Akkermans et al. 7 The reduction in enhancement arises mainly from the fact that the polarization foil only reduces single scattering by 97%. The rest of the reduction in enhancement can most likely be explained by the residual stray light and reflections from the shielding box. These can be estimated from teflon measurements to give an uncertainty of the order of one percent. Finally, for turbid samples, such as ours, recurrent multiple scattering has been proposed to also lead to a reduction in enhancement, 28 however, in our case this effect seems to be very small.
In conclusion wide angle apparatus allows sensitive measurements of the backscattering cone up to high detection angles on both sides of the cone with a very good enhancement. Additionally, due to the parallel intensity recording technique the setup is not affected by laser drifts and mechanical instabilities. Wavelength dependent measurements can be performed because the circular polarization foil used is wavelength independent in the window available to our dye laser. 5 . Measurement of a sample with kl ‫ء‬ = 2.5 with angles up to 85°. As can be seen, an enhancement of 0.95 is observed and the cone shape is reasonably well described by the theory of Akkermans et al. 7 over the full angular range. The inset shows a magnification around small angles, where the wide angle setup overlaps with the small angle setup in order to determine the enhancement.
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